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INTRODUCTION

The parkinsonian syndromes are adult-onset neurodegenera-
tive disorders characterized by progressing parkinsonism
together with a range of other clinical features. They are
neuropathologically classified on a molecular basis as either
predominantly synucleinopathies or tauopathies. The synu-
cleinopathies comprise idiopathic Parkinson’s disease (PD),
dementia with Lewy bodies (DLB), and multiple system
atrophy (MSA) (13, 15, 49). In idiopathic PD and DLB,
aggregates of conformational posttranslational modifications
of the protein a-synuclein (a-syn) accumulate in neurons
as Lewy bodies, whereas MSA is characterized by insoluble
a-syn-positive glial cytoplasmic inclusions (GClIs) located
within oligodendrocytes (12, 18, 22).

Loss of populations of subcortical neurons occurs in idi-
opathic PD (11), but the total number of neurons is unaf-
fected in the neocortex and hippocampus (24, 40). Findings
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Abstract

Multiple system atrophy (MSA) and Parkinson’s disease (PD) are synucleinopathies
characterized by aggregation of a-synuclein in brain cells. Recent studies have shown
that morphological changes in terms of cerebral nerve cell loss and increase in glia
cell numbers, the degree of brain atrophy and molecular and epidemiological find-
ings are more severe in MSA than PD. In the present study, we performed a ste-
reological comparison of cerebellar volumes, granule and Purkinje cells in 13 patients
diagnosed with MSA [8 MSA-P (striatonigral subtype) and 5 MSA-C (olivopon-
tocerebellar subtype)], 12 PD patients, and 15 age-matched control subjects. Only
brains from MSA-C patients showed a reduction in the total number of Purkinje
cells (anterior lobe) whereas both MSA-P and MSA-C patients had reduced Purkinje
cell volumes (perikaryons and nuclei volume). The cerebellum of both diseases showed
a reduction in the white matter volume compared to controls. The number of granule
cells was unaffected in both diseases. Analyses of cell type-specific mRNA expres-
sion supported our structural data. This study of the cerebellum is in line with
previous findings in the cerebrum and demonstrates that the degree of morphological
changes is more pronounced in MSA-C than MSA-P and PD. Further, our results
support an explicit involvement of cerebellar Purkinje cells and white matter con-
nectivity in MSA-C > MSA-P and points to the potential importance of white
matter alterations in PD pathology.

of cellular changes in the cerebellum of PD patients have
been inconsistent (6, 13, 17, 33, 52). However, the phenom-
enology of PD may predict some involvement of the cer-
ebellum, which plays important roles in the coordination
of voluntary movements as well as in gait, balance, and
posture, while also contributing to aspects of cognitive func-
tions (4, 30). Indeed, the presence of a-syn pathology has
now been demonstrated in the cerebellum of idiopathic PD
brains (46), whereas semi-quantitative studies of cerebellar
morphology have reported significantly reduced cerebellar
volumes (5, 35, 53).

Cerebellar pathology is well-documented in MSA patients.
The differing symptom profiles of these subtypes largely
concur with the predominant pathologies of striatonigral
(MAS-P) or olivopontocerebellar (MSA-C) degeneration
(1,19, 22, 36). Whereas previously published semi-quantitative
studies have shown variable degrees of neuronal loss in
MSA (1, 13, 36, 49), recent stereological data demonstrate
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substantial and region-specific loss of neurons in the basal MATERIALS AND MIETHODS
ganglia, cortex, and white matter of MSA brains (34, 44,
45). Furthermore, these studies show an increased number Patients
of microglia, indicating the involvement of neuroinflamma-
tory mechanisms in MSA pathology. Studies focusing on
cerebellar morphology in MSA show significantly reduced
volumes and Purkinje cell densities in disparate subregions
of the cerebellum and brain stem (17, 29, 31, 38, 39, 50).
This literature notwithstanding, no previous stereological
studies have been performed to estimate absolute cell num-
bers and volumes of the cerebellum and its subregions in
parkinsonian syndromes. Therefore, we aimed to use design-
based stereology to obtain unbiased estimates of the total
numbers of Purkinje and granule cells in the four main
subregions of the cerebellum (anterior lobe, posterior lobe,
vermis, and flocculonodularis) from 12 patients with PD,
13 patients with MSA (8 MSA-P and 5 MSA-C), and 15
age-matched control subjects. Further, we estimated the mean
volumes of the Purkinje cell perikarya and nucleus, and of
the four cerebellar subdivisions as well as the volume of
associated white matter and the dentate nucleus. This ste-
reological quantification was supplemented with molecular
biological analysis of cell type-specific markers for Purkinje
and granule cells.

We used cerebellar hemispheres from 13 MSA patients
[MSA-P: 4M/4F, mean age = 66 (60-71) years; MSA-C:
2M/3F, mean age = 63 (61-65) years] and 12 PD patients
[7TM/SF, mean age = 72 (62-88) years], and 15 neurologi-
cally healthy controls [7TM/8F, mean age = 69 (56-89) years].
The brains had been obtained from autopsied individuals
following the Danish laws on autopsied human tissue, and
prior to death, all subjects had given their informed consent.
The MSA-P and MSA-C mean brain weights was 1386
(1276-1505) g and 1333 (1246-1550) g, postmortem interval
(PMI) = 53 (24-115) hours and 43 (22-95) hours, respec-
tively; the mean PD brain weight was 1320 (1120-1420) g,
PMI = 46 (24-118) hours; and the mean control brain
weight was 1352 (1040-1580) g, PMI = 36 (10-120) hours.
Brains from some of the MSA patients and control subjects
have been included in previous studies (2, 3, 25, 44, 45).
Frozen cerebellar tissue was used for mRNA expression
analysis.

Clinical characteristics are summarized in Table 1 (MSA-P),
Table 2 (MSA-C), and Table 3 (PD), and data were

Table 1. Clinical characteristics of patients with MSA-P. Abbreviations: MRl = magnetic resonance imaging, NA = not available, % = percentage of
the most frequent categorial variable, SD = standard deviation.

1 2 3 4 5 6 7 8 Mean (SD) or %

Age at disease onset (years) 57 50 60 55 58 62 63 67 59 (5.2)
Disease duration (years) 5 10 5 6 10 7 7 7 7.1 (2.0)
Cerebellar signs

Cerebellar dysarthria - + - - - + + + 50%

Oculomotor dysfunction® + + - - - + - - 63%

Gait ataxia’ + + - + + - 50%

Limb ataxia® - - + - + - - - 75%

Kinetic or postural tremor + + + + + + - - 75%
Parkinsonism?® ++ ++ ++ ++ ++ ++ ++ ++ 100%
Autonomic failure' ++ ++ ++ ++ ++ ++ ++ ++ 100%
Pathological laughter or crying + - + + - + - + 63%
Global cognitive impairment™” + - - + - - - - 75%
Executive dysfunction'” + - + + + + - + 75%
Wheelchair state (years)** 3 8 3 3 10 5 * 6 5.4(2.8)
Positive red-flag categories®® 6 4 6 6 1 6 3 5 4.6 (1.8)
Abnormal DAT SPECT + + + + + + + + 100%
Cerebellar atrophy in MRI NA - - - - - - - 100%

*QOculomotor dysfunction: + = dysmetric saccades and nystagmus.

TGait ataxia: + = wide-based staggering gait.

*Limb ataxia: + = heel-to-shin or fingerto-nose test with dysmetria and decomposition of movements.

$Parkinsonism: + = bradykinesia or rigidity, ++ = both.

TAutonomic failure: + = orthostatic hypotension or urinary incontinence, ++ = both.

“*Global cognitive impairment: = 125 < Mattis Dementia Rating Scale score < 129. No global cognitive impairment: = either Mattis Dementia Rating
Scale score > 130, Addenbrooke’s Cognitive Examination (ACE) score > 86, or mini-mental state examination score > 24. All the patients were tested
according to the Danish version of ACE (16, 32, 47).

TExecutive dysfunction: + = impairment of executive function assessed by a neuropsychologist using a battery of frontal assessment tests (includ-
ing test of verbal fluency (s-words and animals), Stroop Color and Word Test, Wisconsin Card Sorting Test, and Lurias motor series) (14).

*\Wheelchair state = time from disease onset to wheelchairbound state.

$5Positive red-flag categories: early instability, rapid progression, abnormal postures, bulbar dysfunction, respiratory dysfunction, and emotional
incontinence. A category is positive if one or more symptoms within the category are present (28).

*Never reached a wheelchairbound state.
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Table 2. Clinical characteristics of patients with MSA-C. Abbreviations:
MRI = magnetic resonance imaging, NA = not available, % =
percentage of the most frequent categorial variable, SD = standard
deviation.

1T 2 3 4 5 Mean(SD)or %
Age at disease onset b4 60 61 62 55 58 (3.6)
(years)
Disease duration (years) 8 3 5 7 6 5.8 (1.9)
Cerebellar signs
Cerebellar dysarthria + o+ + 4+ o+ 100%
Oculomotor + o+ o+ -+ 80%
dysfunction*
Gait ataxia® + o+ o+ o+ o+ 100%
Limb ataxia® + o+ o+ o+ o+ 100%
Kinetic or postural + - - - - 80%
tremor
Parkinsonism?® ++ o+ +  ++ o+ 60%
Autonomic failureT e S = S S 80%
Pathological laughter or - - - - - 100%
crying
Global cognitive - NA - - - 100%
impairment””
Executive dysfunction'® - NA - + - 75%
Wheelchair state (years)** 7 3 4 6 3 4.6 (1.8)
Positive red-flag 4 3 3 4 4 3.6 (0.5)
categories®®
Abnormal DAT SPECT + - + o+ o+ 80%
Cerebellar atrophy in MRl +  + + + - 80%

*Oculomotor dysfunction: + = dysmetric saccades and nystagmus.

'Gait ataxia: + = wide-based staggering gait.

*Limb ataxia: + = heel-to-shin or fingerto-nose test with dysmetria and
decomposition of movements.

$Parkinsonism: + = bradykinesia or rigidity, ++ = both.

fAutonomic failure: + = orthostatic hypotension or urinary inconti-
nence, ++ = both.

“*Global cognitive impairment: = 125 < Mattis Dementia Rating Scale
score < 129. No global cognitive impairment: = either Mattis Dementia
Rating Scale score > 130, Addenbrooke's Cognitive Examination (ACE)
score > 86, or mini-mental state examination score > 24. All the patients
were tested according to the Danish version of ACE (16, 32, 47).

"Executive dysfunction: + = impairment of executive function as-
sessed by a neuropsychologist using a battery of frontal assessment
tests (including test of verbal fluency (s-words and animals), Stroop
Color and Word Test, Wisconsin Card Sorting Test, and Lurias motor se-
ries) (14).

HWheelchair state = time from disease onset to wheelchairbound
state.

$5Positive red-flag categories: early instability, rapid progression, ab-
normal postures, bulbar dysfunction, respiratory dysfunction, and emo-
tional incontinence. A category is positive if one or more symptoms
within the category are present (28).

retrospectively obtained from the patient’s medical records.
PD brains were obtained between 1958 and 2018, MSA
brains from 2007 to 2011, and controls from 1979 to 1989.
All MSA patients were diagnosed and followed by movement
disorders specialists. MSA patients were clinically diagnosed
with probable MSA (either the parkinsonian or cerebellar
subtype) according to the recent clinical consensus criteria
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(19). All PD patients were diagnosed by a movement disorder
specialist. Diagnosis and treatment were according to the
standard clinical practice at the time of brain donation.

Neuropathology

Tissue samples were taken from the substantia nigra,
striatum, cerebral cortex, dentate nucleus, and cerebellar
cortex of each MSA and control brain. Tissue blocks
were embedded in paraffin and sliced into 5-um-thick sec-
tions for hematoxylin and eosin (HE) staining and immu-
nohistochemistry, including staining for p-amyloid (M0872,
1:1000, DAKO, DK), tau (A0024, 1:1000, DAKO, DK),
ubiquitin (Z0458, 1:5000, DAKO, DK), and a-synuclein
(sc-12767, 1:9000, Santa Cruz Biotechnologies, US).
Additionally, 8-um-thick sections were cut for Kliver—
Berrara staining. The neuropathological examination
showed no overall vasculitis, encephalitis, tumors or neu-
ronal and glial inclusions in the control subjects. Definite
diagnoses were confirmed based on the presence of GCls,
gliosis, and neuronal loss in MSA patients (48). Occurrence
of Lewy bodies and a notable loss of pigmented neurons
in the substantia nigra were described in all brains from
PD patients. Following brain donation, neuropathology in
the substantia nigra was available in 11 out of the 12
PD patients. The last patient was diagnosed on clinical
signs only, since the substantia nigra was kept for research
purposes due to the patient having received deep brain
stimulation.

Cerebellar anatomy

The cerebellum was divided into four major anatomical
subdivisions as previously described (10): the anterior and
posterior lobes (pontocerebellum), vermis (spinocerebellum),
and the flocculonodular lobe (vestibulocerebellum). Func-
tionally, these subregions are primarily engaged with the
following motor pathways and functions: The pontocerebel-
lum is connected primarily to the cerebral motor cortex
via the thalamus and is primarily involved in coordination
of movements; the spinocerebellum mediates muscle tone
and bodily posture through its connections to the red nucleus,
and the vestibulocerebellum mediates balance through its
connections to the vestibular system. The cerebellar cortex
consists of three layers, the outer molecular layer, the mid-
dle Purkinje cell layer, and the inner granule cell layer. The
sole output of the cortex is the projections of the Purkinje
cells to the deep nuclei, which in turn give rise to most
of efferent fibers from the cerebellum (51).

Tissue processing

The tissue processing was performed as previously described
with minor modifications (2). In brief, all brains were fixed
within a mean of 44 t* 32 hours after death and stored in
fixative (10% neutral buffered formalin, pH = 7.2) for at least
one month. The cerebellum was dissected from the brain stem
and its surface painted with waterproof ink to distinguish
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Table 3. Clinical characteristics of patients with PD. In addition to the above-mentioned treatment, patient five received orphenadrine whereas
patient ten and eleven received dopa-agonists and entacapone. Abbreviations: As = arteriosclerosis, BS = babinski signs, D = dementia, Dp =
depression, GAp = global aphasia, GAt = global ataxia, L = left, NA = not available, % = percentage of the most frequent categorial variable,
PT = postural tremor, R = right, S = symmetric, SD = standard deviation, SF = Spanish flu, Sp = spasticity, Spi = lumbar spinal stenosis,

St = stroke, TIA = transient ischemic attack, U = universal.

PD 1 2 3 4 5 6 7 8 9 10 1 12 Mean (SD) or %
Age at disease onset (years) 71 57 68 72 68 59 66 45 87 52 51 61 63 (11)
Disease duration (years) 3 5 1.5 2 6 13 5 26 0.5 19 13 il 8.8 (7.9)
Motor symptoms
Rigidity U U S R L>R R>L S S R R>L R>L S 33%
Bradykinesia - S S S - S - R - S R>L S 50%
Tremor - PT - R>L - R>L + - R>L R>L L 42%
Postural instability - + + + - - + - - - - + 58%
Oligemia + + - - + + + + - + + + 75%
Hypophonia + - - - - + + - - + + + 50%
Parkinsonian gait - - - - - + + + - + + + 50%
Gait freezing - - - + - - + - - + - - 75%
Cognition D NA NA D NA D D - - D D 70%
Treatment NA NA NA
Amantadine - - + + + - - - - 67%
Bromocriptine - - + - - - - - - 89%
Levodopa - - + + + + + + + 78%
Pergolide - - - - - - + - - 89%
Selegilin - - - - - - - - + 89%
Trihexyphenidyl + - - + - - - - - 78%
Surgery/year - - - - 1965 - 2004 - - 78%
Duodopa - - - - - - - 2012 - 89%
Response to treatment + NA + + + NA + + + 100%
Side effects (hallucination, NA NA + NA NA + + - 80%
dyskinesia)
Comorbidity As SF NA SF NA NA St NA  TIA NA Spi St, DP 29%
Co-occurring neurological signs  GAt, BS Sp  NA NA GAp NA NA NA  NA NA - GAp 40%

and symptoms

the four subdivisions. After removing the flocculonodular lobe,
the remaining cerebellum was embedded in 4% agar and sliced
systematically into 4.0-mm-thick slabs with a random starting
point within the slab thickness. The flocculonodular lobe was
embedded in 4% agar and cut into 2.0-mm-thick slabs. All
slabs were photographed for estimating the volume of each
cerebellar region. Then, the slabs were cut systematically into
4-mm-wide columns or rods, and every 3™ rod was subsam-
pled. The sampled rods were dehydrated and, after being
randomly rotated around the vertical axis, embedded in
Historesin (2-hydroxyethyl methacrylate), whereupon a central
40-um-thick section was cut and stained with a modified
Giemsa stain. During the preparation of the rods, extra rods
were sampled to measure shrinkage before and after process-
ing. No net shrinkage was detected.

Stereological methods

In the four cerebellar regions, we delineated the region of
interest in each section through a 2x objective. Estimation
of volumes was performed using Cavalieri’s point-counting
principle (21). Applying optical disectors (20), we estimated
the numerical densities of Purkinje and granule cells using
the CAST software (Visiopharm, Hersholm, DK), with imag-
ing by an Olympus BX51 microscope and a motorized stage.

Brain Pathology 30 (2020) 576-588
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Purkinje cells were estimated using a 60X oil-immersion
objective (numerical aperture (NA) = 1.40) at a final mag-
nification of 1000%X, and granule cells with a 100X oil-
immersion objective (NA = 1.35) at 1670x magnification.
Rectangular counting frames measuring 80 um? for granule
cells and 28 000 um? for Purkinje cells were superimposed
on the magnified image of the tissue projected onto a com-
puter screen, and movements in the z-direction were measured
with a digital microcator (Heidenhain, VRZ 401). The aver-
age section thickness was 40 pm, resulting in a 5-um guard
zone at the top of the section, a disector height of 15-um
and a 20-um guard zone in the bottom of the disector. We
identified Purkinje cells based on their large, clear nucleus
with a deeply stained nucleolus and irregular Nissl granules;
the Purkinje cell nucleolus was used as the counting item,
or, in its absence, the nucleus; granule cells were identified
by their location in the densely packed granular layer in
which they reside, and by their dark nucleus, which nearly
fills the cell body (Figure 1). Using step lengths of 1700 um
and 600 um, we counted means of 145 (range 33-374) granule
cells in 54 (range 18-122) fields of view and 122 (range
34-186) Purkinje cells in 745 (range 172-2090) fields of view
in each cerebellar subregion. A uniform distribution of neu-
rons within the disector height was confirmed by analyzing
the z-distribution of particless. We used a mean of
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Figure 1. Micrographs showing Giemsa stained sections of the anterior
lobe at x4 magnification (A, C, E; scale bar = 375 pm) and x60
magnification (B, D, F: scale bar = 25 pm) in control (A, B), MSA (C, D),
and PD brains (E, F). Arrows = Purkinje cell, arrowheads = granule cell,

20 (range 13-30) sections per cerebellum for cell counting,
and the total number of each cell type was finally calculated
by multiplying their numerical density by the reference vol-
ume, with doubling to obtain bilateral numbers.

We measured the volumes of Purkinje cell nuclei and
perikaryons using the vertical rotator principle (23). The
mean number of Purkinje cells used for volume estimations
was 75 (30-240) per cerebellar region.

qRT-PCR

Frozen cerebellar tissue from the full height of the cortex in
the anterior (equal to lobule IV) and posterior (equal to crus
IT) lobes in seven control subjects, nine MSA (P + C), and
six PD patients (clinical data not shown) were collected for

580

g = granule cell layer, m = molecular layer, p = Purkinje cell layer, and
w = white matter.

comparison of mRNA levels (QRT-PCR) of specific markers
for Purkinje cells (Calbl), granule cells (VGLUT! and
NeuroD1), and neurons in general (NeuN). The qRT-PCR
procedure was performed as described in detail elsewhere (45).
In brief, RNA was extracted from 50-mg samples using the
RNeasy Mini purification kit (Qiagen, DEU). The RNA
integrity and quantity were assessed using the Agilent 2100
Bioanalyzer (Agilent Technologies, US) before the samples
were stored at —80°C until further processing. The following
primer pairs (5'-3') were used to measure the mRNA expres-
sion levels of Calbl (Sense: GGCTCCATTTCGACGCTGA,
antisense: AACTTTTGTGGATCAGTATGGGC), VGLUTI1
(Sense: CGACGACAGCCTTTTGTGGT, antisense: CTCTGT
TTTCTACGTCTACGGC), NeuroD1 (Sense: GGATGACG
ATCAAAAGCCCAA, antisense: TGCCTTGCTATTCTAA

Brain Pathology 30 (2020) 576-588
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GACGC) and NeuN (Sense: TCAATAATGCCACGGCCCGA
GTGA, antisense: GCTAAATCCAGTGGTCGGCGCAGT),
which were normalized to the expression levels of hGAPDH,
hATP5B, hPPIA, and hUBE2D2 (43) using a comparative
cycle of threshold fluorescence method. The qRT-PCR reac-
tions were performed using Fast SYBR Green Master Mix
(Applied Biosystems, US), and the results are expressed as
relative quantity to the calibrator sample using the Pfaffl
method (41).

Statistics

Stereological data and mRNA expression levels were analyzed
using one-way ANOVA followed by Tukey’s multiple com-
parisons test. When normality distribution failed (Shapiro—
Wilk normality test), we applied Kruskal-Wallis tests followed
by Dunn’s multiple comparisons test. For analyses of the
average volume distribution of Purkinje cell perikarya and
nucleus, we performed 2-way ANOVA followed by Tukey’s

Quantification of the cerebellum in MSA and PD

multiple comparisons test. The biological variances, expressed
as the coefficient of variance (CV), of the total number of
Purkinje and granule cells, the volume of Purkinje cell nuclei
and perikaryons, and cerebellar subdivisions are shown in
Tables 4-6, respectively. The precision of the estimates of
total cell numbers, expressed as the coefficient of error (CE),
are shown in Table 4. Outliers were excluded when data
points fell outside the range of mean * 2 x standard devia-
tions. Data analysis and graphical presentation were com-
pleted using GraphPad Prism 8 software (GraphPad Software
Inc., USA). The level of significance was set at P < 0.05.

RESULTS

Total number of Purkinje cells

In MSA (P + C) brains, the total number of Purkinje cells
(Table 4) was significantly reduced by 36% in the anterior

Table 4. Numerical estimation of the mean total number of Purkinje and granule cells in the cerebellum of control subjects and patients with MSA
and PD. Please note that total volumes do not always apply to the sum of the subregions because of outlier removal. CV values (standard deviation/
mean) represented in parenthesis. Abbreviations: C = cerebellar subtype of MSA, CS = control, MSA = multiple system atrophy, P = Parkinsonian
subtype of MSA, PD = Parkinson's disease, and FlocNod = flocculonodularis.

CSs CE PD CE

MSA (P + C) CE

MSA-P CE MSA-C CE

Purkinje cell number (106)

Anterior 2.63(0.35) 0.09 2.25(0.32) 0.08 1.68 (0.38)* 0.10 2.15(0.39) 0.10 1.34 (0.44)* 0.09
Posterior 18.02 (0.27) 0.08 17.31 (0.24) 0.09 16.05 (0.21) 0.09 17.83 (0.16) 0.09 13.65 (0.18) 0.09
Vermis 1.88 (0.28) 0.09 1.99 (0.25) 0.08 1.50 (0.45) 0.10 1.59 (0.50) 0.10 1.34 (0.33) 0.10
FlocNod 0.40 (0.58) 0.10 0.46 (0.32) 0.09 0.38(0.22) 0.1 0.48 (0.36) 0.1 0.36 (0.35) 0.1
Total 22.75 (0.26) 22.10 (0.20) 19.77 (0.20) 19.43 (0.13) 16.45 (0.15)

Granule cell number (10°)

Anterior 8.75 (0.28) 0.08 9.45 (0.40) 0.07 7.58 (0.40) 0.09 8.75 (0.30) 0.09 5.69 (0.49) 0.09
Posterior 73.45 (0.16) 0.08 82.20 (0.08) 0.06 74.83 (0.27) 0.07 78.77 (0.27) 0.07 68.54 (0.27) 0.07
Vermis 6.22 (0.22) 0.08 7.05 (0.23) 0.07 7.80 (0.50) 0.09 8.48 (0.49) 0.09 6.71(0.52) 0.09
FlocNod 0.83 (0.47) 0.1 1.20 (0.40) 0.1 0.90 (0.22) 0.10 1.19 (0.53) 0.12 0.82 (0.26) 0.13
Total 89.85 (0.14) 101.90 (0.08) 90.94 (0.25) 96.89 (0.25) 81.43 (0.25)

*P < 0.05 vs. control.

Table 5. Estimation of mean volume of Purkinje cell nucleus and perikarya in control subjects and patients with MSA and PD. Please note that total
mean volumes do not always apply to the mean of the subregions because of outlier removal. CV values (standard deviation/mean) are represented

in parenthesis. Abbreviations: C = cerebellar subtype of MSA, CS = control, MSA = multiple system atrophy, P = Parkinsonian subtype of MSA,

PD = Parkinson's disease, and FlocNod = flocculonodularis.

cS PD MSA (P + C) MSA-P MSA-C
Nucleus (um?3)
Anterior 1578 (0.12) 1636 (0.12) 1103 (0.27) % * *#4# 1117 (0.23)% * ### 1080 (0.37)**##
Posterior 1603 (0.14) 1516 (0.08) 1198 (0.27)* 1148 (0.29)* 1279 (0.25)
Vermis 1555 (0.18) 1479 (0.18) 1248 (0.21)* 1231 (0.19) 1271 (0.27)
FlocNod 1453 (0.12) 1518 (0.12) 1154 (0.11)*## 1171 (0.09)* 1127 (0.17)
Total 1501 (0.16) 1583 (0.11) 1214 (0.20)*#* 1203 (0.18)* ## 1232 (0.25)*
Perikarya (um?3)
Anterior 16278 (0.12) 15627 (0.12) 9932 (0.28)* * * ### 10805 (0.36)* * *## 10183 (0.32) % ** ##
Posterior 17044 (0.17) 15148 (0.13) 11017 (0.20)* **## 11425 (0.28)* **# 11678 (0.22)**
Vermis 17169 (0.15) 14494 (0.11) 11443 (0.25)*** 12541 (0.31)** 11205 (0.26)**
FlocNod 14114 (0.14) 14637 (0.16) 11512 (0.16)* 12005 (0.14) 10690 (0.20)
Total 16135 (0.12) 15222 (0.12) 11070 (0.19)* * * i 11786 (0.25)***# 11230 (0.23)***#

*P < 0.05vs. CS; **P<0.01 vs. CS; ***P < 0.001 vs. CS; #P < 0.05 vs. PD; #P < 0.01 vs. PD; ##P < 0.001 vs. PD.
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Table 6. Estimation of cerebellar volumes (cm?®) in control subjects and patients with MSA and PD. Please note that total cerebellar volumes do not
always apply to the sum of the subregions because of outlier removal. CV values (standard deviation/mean) are represented in parenthesis.
Abbreviations: C = cerebellar subtype of MSA, CS = control, MSA = multiple system atrophy, P = Parkinsonian subtype of MSA, PD = Parkinson’s

disease, and FlocNod = flocculonodularis.

CS PD MSA (P + C) MSA-P MSA-C
Cerebellar cortex
Anterior 8.41(0.24) 8.27 (0.33) 7.25 (0.24) 764 (0.22) 6.61(0.27)
Posterior 64.72 (0.18) 68.87 (0.09) 65.50 (0.17) 68.55 (0.15) 60.64 (0.19)
Vermis 752 (0.11) 7.16 (0.09) 6.95 (0.27) 7.55 (0.26) 7.66 (0.56)
FlocNod 0.87 (0.38) 1.20 (0.19) 1.17 (0.18) 1.37 (0.29)* 1.11(0.21)
Total 81.44 (0.16) 85.88 (0.08) 81.16 (0.16) 84.65 (0.14) 75.57 (0.18)
Granule cell layer
Anterior 3.92 (0.29) 3.67 (0.34) 3.63 (0.29) 3.80 (0.28) 3.36 (0.34)
Posterior 28.38 (0.17) 30.45 (0.09) 30.74 (0.16) 30.11 (0.15) 30.15 (0.19)
Vermis 3.30 (0.18) 3.24(0.17) 3.50(0.27) 3.74 (0.29) 4.02 (0.57)
FlocNod 0.46 (0.37) 0.59 (0.26) 0.57 (0.17) 0.66 (0.32) 0.57 (0.20)
Total 35.97 (0.14) 38.75 (0.05) 38.62 (0.14) 39.09 (0.14) 3787 (0.17)
Molecular layer
Anterior 4.49 (0.23) 4.61(0.34) 3.62 (0.23) 3.84 (0.23) 3.25(0.21)
Posterior 35.55 (0.19) 39.30 (0.10) 34.76 (0.20) 3743 (0.18) 30.49 (0.20)
Vermis 4.18 (0.14) 3.93(0.12) 3.46 (0.28) 3.81(0.25) 3.63 (0.57)
FlocNod 0.43 (0.43) 0.61 (0.20) 0.65 (0.28)* 0.71(0.27)* 0.54 (0.22)
Total 44.59 (0.18) 48.72 (0.08) 41.15(0.17) 45.56 (0.17) 37.70 (0.17)*
White matter 30.03 (0.26) 21.05 (0.26)* 18.09 (0.43)*** 22.53 (0.20) 11.00 (0.56)* **
Dentate nucleus 1.92 (0.21) 2.08 (0.28) 141 (0.41) 1.54 (0.41) 1.13 (0.38)

*P<0.05vs. CS; ***P < 0.001 vs. CS; #P < 0.05 vs. PD.

lobe (P = 0.02, Figure 2B) with no differences in the entire
cerebellum (Figure 2A), the posterior lobe (Figure 2C), the
vermis (Figure 2D), or the flocculonodularis (Figure 2E), when
compared to the control group. Within-group analysis showed
that MSA-C brains had a significant lower number of Purkinje
cells in the anterior lobe (P = 0.02) compared to controls,
with no differences in the other subregions or the entire cer-
ebellum. The total number of Purkinje cells in MSA-P patients
did not differ significantly from MSA-C or control brains.
We saw no significant changes in the total number of Purkinje
cells in PD brains compared to controls in any of the four
subregions, nor did the total number of the Purkinje cells
differ in the entire cerebellum. Additionally, Purkinje cell counts
did not differ between MSA groups and PD brains.

Volume of Purkinje cell nucleus and perikarya

Estimation of Purkinje cell volumes in the cerebellum of
MSA (P + C) patients showed a significantly smaller mean
volume of the nucleus (19%) and perikarya (31%) in all
regions compared to controls (Table 5). We also saw a
significantly 23% smaller mean nucleus volume and 27%
smaller perikarya volume in the total cerebellum of MSA
(P + C) compared to PD brains, with no difference in cell
volumes in the posterior lobe (nucleus) and vermis (nucleus
and perikarya). No significant differences were observed in
the nucleus or perikarya volumes between MSA-C and
MSA-P, or PD and control brains.

Scatter plots of the size distribution of Purkinje cells in
the entire cerebellum of MSA (P + C), PD, and control
brains are shown in Figure 2F-G. In general, cerebella from
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MSA (P + C) patients had more Purkinje cells with reduced
nuclear volume (Figure 2F), a difference which was signifi-
cant for volumes of 600-800 um? (P < 0.05). There were
also fewer Purkinje cells with larger nuclear sizes (1000—
2000 um? and 2000-3000 um?3 P < 0.0001), and likewise
fewer cells with larger perikarya volume (10 000-20 000 um?
and 20 000-30 000 um’; P < 0.0001, Figure 2G), but no
significant differences were observed in the small Purkinje
cells with parikarya volume <10 000 pum?. Finally, the total
number of Purkinje cells with a nuclear volume between
1000 and 2000 pm? and a perikarya volume between 20 000
and 30 000 pm? was significantly lower in PD brains (P < 0.05
and P < 0.01, respectively), compared to controls.

Total number of granule cells

The total number of granule cells in the entire cerebellum
and its subregions are shown in Table 4. Compared to control
subjects, granule cell numbers in MSA (P + C) brains did
not significantly differ in the entire cerebellum or any of its
four subregions, nor did the numbers in PD brains. Neither
did MSA (P + C) brains show any significant differences
when compared to PD brains. No differences in the total
number of granule cells between MSA-P and MSA-C brains
were observed in any subregion, nor were there any differ-
ences when compared to brains from control or PD patients.

Volume of cerebellum and its subdivisions

The mean volumes of the cortex and cortical layers in
the entire cerebellum and its subregions are shown in

Brain Pathology 30 (2020) 576-588
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Table 6. The entire cerebellum had a mean volume of

113 cm?® (CV = 0.17) in control brains, 101 cm? (CV = 0.18) (

in MSA (P + C) brains, 108 cm?® (CV = 0.14) in MSA-P
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brains, 87 cm?® (CV = 0.17) in MSA-C brains, and 110 cm?

CV = 0.05) in PD brains (P = 0.02). Post hoc test

showed that the cerebellar volume of MSA-C brains was
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significantly lower than control (P = 0.02). Neither the
total cerebellar cortex nor its two major layers (granular
and molecular layers) showed significant differences between
MSA groups, PD, and controls, except in the total volume
of the molecular layer which was significantly lower in
MSA-C (P = 0.04) when compared to PD. The white
matter volume was significantly 40% lower in MSA (P + C),
63% lower in MSA-C, and 30% lower in PD brains com-
pared to controls. Furthermore, the cerebellar white matter
volume was significantly 51% lower in MSA-C than MSA-P
brains. No differences were observed in the volume of
the dentate nucleus when comparing MSA, PD, and con-
trol groups.

Total volumes of the cerebellar cortex in the four lobes
did not differ between MSA groups, PD, and control groups,
except in the flocculonodularis, which was significantly larger
in the MSA-P group (36%), compared to controls. Subdivision
of the lobes into cortical layers showed a greater volume
of the molecular layer in the flocculonodularis of MSA
P + C) (34%) and MSA-P brains (40%), compared to
controls. The other subdivisions of the cerebellum showed
no significant differences.

Validation of results

To validate our results, we compared our stereological data
of the total number of Purkinje and granule cells as well
as the volumes of the anterior and posterior lobes with
previously obtained results from our laboratory (2, 3). These
results showed no significant differences between our present
data and the results from earlier studies on control subjects
(Figure 3A, age group: 56-90 years, Purkinje cells: P = 0.20;
granule cells: P = 0.84 and Figure 3B, age group: 56-90 years,

Rusholt et al

anterior lobe: P = 0.14; posterior lobe: P = 0.73). Further,
to exclude that white matter changes were caused by levo-
dopa treatment and/or dementia in PD brains we included
archive material of white matter volumes from an extra
cohort of ten PD patients [7M/3F, mean age = 76 (68-83)
years]. No significant differences were found in the volume
of the cerebellar white matter between levodopa treated
[n = 17, 18.48 (13.72-24.36) cm?] and non-levodopa treated
[n =5, 19.00 (12.20-23.60) cm’] brains (P = 0.77) or
demented [n = 11, 19.91 (15.01-23.60) cm?®] versus non-
demented [n = 9, 17.19 (12.20-24.36) cm?] PD patients
(P = 0.09).

Analysis of cell marker mRNA levels

The relative mRNA expression levels of Calbl, VGLUTI,
NeuroD1, and NeuN by group are shown in Figure 4. Our
data show significantly lower levels of the Purkinje cell
marker (Calbl) in the anterior lobe of both MSA (P + C)
(P = 0.019) and PD (P = 0.019) patients compared to
controls, with no such difference in the posterior lobe (Figure
4A). Furthermore, we did not observe differences from con-
trol values in the levels of VGLUTI1 (Figure 4B), NeuroDl1
(Figure 4C), or NeuN (Figure 4D) in any of the examined
cerebellar regions, nor did we observe significant differences
in these cell markers in the contrast between MSA (C + P)
and PD.

DISCUSSION

The mean number of Purkinje cells in the cerebellum was
reduced in the anterior lobe of the MSA (P + C) group
compared to controls. Within-group analysis showed that
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study.

584

Brain Pathology 30 (2020) 576-588
© 2019 International Society of Neuropathology



Rusholt et al

A
S 6o
TR
S
X £ 40
-8
2o
© c
O g) 20 *
23 *
£8
‘v —
$€ L=
CS MSA PD CS MSA PD
Anterior Posterior
C
c
)
@ _ 2500+
o O
E_% 2000
3¢
- 1500
a3
o
S c 1000
[T
Z 0
o'p 500+
L= I
K] 0 = =
& CS MSA PD CS MSA PD
Anterior Posterior

Quantification of the cerebellum in MSA and PD

B
5
w4004
B =
©3
Q-‘l-l
$g 3001
Q =
-5
5 © 200-
a2
O o
= & 100
|7}
>
AN =
& CS MSA PD CS MSA PD
Anterior Posterior
D
S 6000~
" g
S 2 4000
© 5
2 0
5 o
9 c
Z © 2000
o O
> U=
= 0
© 0
14
CS MSA PD CS MSA PD
Anterior Posterior

Figure 4. The relative mRNA expression levels of Calb1 (A), VGLUT1 (B), NeuroD1 (C), and NeuN (D) in the anterior and posterior lobes of MSA, PD,
and control subjects. CS = control, MSA = multiple system atrophy, PD = Parkinson’s disease. * P < 0.05 (CS vs. MSA).

the reduced number of Purkinje cells was caused by a sig-
nificantly lower number in brains from MSA-C patients.
These findings in MSA brains are in accordance with previ-
ous stereological estimations of the basal ganglia nuclei
showing reduction in the total number of neurons and
support region-specific patterns of neuronal loss in MSA
(44). Cognitive impairment has been documented in approxi-
mately 20% of patients with MSA (7) and may be con-
comitant to cerebellar degeneration (27), especially in the
posterior lobes (4, 17). However, we observed no differences
in the volume or the total number of neurons (Purkinje
or granule cells) in the posterior lobe of MSA brains com-
pared to control subjects. This is consistent with results of
previous studies suggesting that cognitive dysfunction in
MSA is more related to cerebral cortical pathology (9, 17,
26, 45). The MSA patients who were donors in the present
study had shown prominent postural instability, with a mean
time from disease onset to wheelchair-dependence of only
five years. Indeed, postural instability is a more prominent
clinical feature in MSA patients than in PD (19, 49).
Based on recent imaging-based findings of reduced cer-
ebellar volumes in PD (5, 35, 53) and the detection of
a-syn pathology in the cerebellum of PD brains (46), cer-
ebellar pathology has been implicated in aspects of the
postural instability, tremor, and cognitive dysfunction in PD
(17, 52). However, we saw no reduction in the total number

Brain Pathology 30 (2020) 576-588
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of granule or Purkinje cells, nor were the cell-body volumes
reduced in post mortem cerebella from PD patients, which
does not support a strong dependence between -clinical
symptoms and structural gray matter changes in the cerebel-
lum of PD patients.

The white matter volume was reduced in cerebellum of
the MSA group (MSA (P + C) = 40%, MSA-C = 63%,
MSA-P = 25% (non-significant)), and likewise in the PD
group (30%), which stands in contrast with the unaltered
cell counts and volumes in PD. However, white matter atro-
phy in both diseases is consistent with results of previous
imaging studies in brains of living MSA (33, 38) and PD
patients (5, 35). Thus, compromised cerebellar white matter
alterations was a prominent feature of the structural pathol-
ogy in MSA-C and PD, and to a lesser degree in MSA-P,
which plausibly manifests in impaired connectivity within
the cerebellum, between the cerebellum and the cerebrum
and/or the cerebellum and the brain stem (31). Our findings
of no significant volumetric changes in the entire cerebellar
cortex or its main subdivisions emphasize the potential
importance of cerebellar white matter alterations in MSA
and PD pathology and symptomatology. Furthermore, the
total number of granule cells, which receive the main input
to the cerebellum through mossy fibers, was unaffected in
the entire cerebellum and its subdivisions in both diseases.
The present results support a hypothesis that disrupted
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cerebellar output via reduced connectivity of inhibitory pro-
jections from the cerebellar cortex to the deep nuclei con-
tribute to the pathophysiology of MSA-C, and to a lesser
degree, also in MSA-P and PD. Even though the underlying
mechanisms of increased pathology in the cerebellum of
MSA-C patients are not known, our results are consistent
with previous studies describing more severe neuropathologi-
cal changes in the olivopontocerebellar structures in MSA-C
compared to MSA-P (22, 36), and in line with the clinical
representation in MSA-C patients (19).

One previous stereological study demonstrated decreasing
Purkinje cell perikarya size, but unaffected nuclear size, dur-
ing normal aging (3). We now demonstrate a significant
reduction in the mean volume of Purkinje cell perikaryons
and nuclei throughout the cerebellum of MSA patients rela-
tive to age-matched controls. Our study of cell size distribu-
tions shows that the mean volume loss of Purkinje cells in
MSA brains is driven by a greater abundance of small-sized
Purkinje cells and lower abundance of large-sized Purkinje
cells compared to PD and controls. In summary, these data
indicate declines in the number and mean volume of Purkinje
cells in MSA brains that are not evident in PD and normal
aging, changes that seem apt to result in altered functional-
ity of the deep cerebellar nuclei in MSA.

Our data show decreased mRNA levels of the Purkinje
cell marker Calbl in the anterior, but not the posterior
lobe of MSA (P + C) and PD patients. Further, our data
did not demonstrate significant alterations in the granule
cell markers (VGLUT1 and NeuroD1) or the general neu-
ronal marker (NeuN) in any of the examined regions or
patient groups. These results are partly in line with our
structural data in showing preservation of granule cells and
loss of Purkinje cells in MSA-C cerebella. However, no
markers showed any difference in mRNA expression between
MSA-P and MSA-C when evaluating the two MSA subtypes
descriptively. Further studies are needed to clarify the dis-
crepancy between the number of Purkinje cells and Calbl
mRNA expression in the anterior lobe of the cerebellum
from PD and MSA-P patients.

This study has several limitations, one being the small
sample sizes in all groups, especially the MSA-C group.
Thus, future stereological studies of the cerebellum in these
patient groups using larger sample sizes are wanted. To
validate our results, we compared our stereological data of
the total number of Purkinje and granule cells as well as
the volumes of the anterior and posterior lobes with previ-
ously obtained results from our laboratory (2, 3). These
results showed no significant differences between our present
data and the results from earlier studies on control subjects.
Second, we concede that shrinkage may occur during his-
tological processing, thereby biasing the volume estimations
(but not the cell counting) in this kind of study. However,
our adoption of plastic embedding media will result in
minimized shrinkage, and furthermore, our sampling of extra
rods specifically to measure shrinkage before and after pro-
cessing did not indicate any net shrinkage. Finally, any dif-
ferential shrinkage between disease and control brains taking
place prior to embedding can never be excluded in a study
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such as this. However, the difference in the estimates of
Purkinje cell volume (rotator volumes) between control and
MSA as well as between MSA and PD have such a mag-
nitude that we regard this possibility less likely.

The major strength of the present study includes the use
of design-based stereology. Whereas most former studies
applied two-dimensional morphometric and histometric meth-
ods, resulting in 2D estimates or estimates based on size
distribution of 2D neuronal profiles, we used stereological
methods, which are without these limitations. Our stereo-
logical data are supported by molecular biology analyses
showing parallel changes in mRNA expression using markers
specific for these cell types.

In conclusion, although MSA and PD patients share
many symptoms, especially in the beginning of the disease,
the prognosis is very different, with limited treatment
options available for MSA patients. Recent studies
have shown that the degree of brain pathology is more
severe in MSA than PD (8, 37, 40, 42, 45). Our results
in the cerebellum are in line with these findings and may
help to pin-point dissimilarities between MSA-C, MSA-P,
and PD.
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